Known as doi moi or renovation, the economic reforms of 1986, which included market liberalization and decentralization policies, have dramatically transformed Vietnam. Within a decade, the process of decollectivization changed agriculture from centrally planned production managed by large-scale cooperatives into familybased agriculture made up of a multitude of production units managing small plots of land. Major land policies succeeded one another at a rapid pace. In 1981, paddylands were distributed to individual households under Decree 100, marking the beginning of the decollectivization process. Then Resolution 10 (April 1988) defined the main modalities of the allocation of paddyland, with the 1993 land law providing additional details on the allocation of forest land. All means of production gradually returned to individuals. These very rapid changes obliged farmers and, more generally, all the actors in the agricultural sector to adopt an adaptive mode of management of agricultural production and natural resources (Kerkvliet and Porter 1995) . They were caught up in a process of social learning imposed by the rapid transformations of their institutional and socioeconomic environment (Dao 1995) . Research covering this transitional period showed that short-term individual strategies often prevailed and that the actors paid little attention to the sustainability of the resource base (Jamieson et al. 1998) . The lack of control by policy makers over the local management of natural resources resulted in large-scale deforestation in the 1980s. Finally, the 1993 land law did manage to bring the spiral of environmental degradation under control (Castella and Dang 2002) . Within a period of only a few years, a new form of organization of the agricultural sector emerged from the complex interactions that existed among the different groups of stakeholders.
In the northern mountainous regions, these development trends were expressed in many different ways, depending on local circumstances (Dao and Jésus 1995) . The ethnic composition of communities, soil types, land-use patterns, etc., differ substantially from one valley to the other, which creates a very complex picture in which nothing can be classified as a typical district, village, or even household (Rambo 1997) . The changes that accompanied agricultural decollectivization against a background of complex human ecological mosaics led to a rapid differentiation in farming-system strategies and land-use patterns that was completely different from the relatively homogeneous rules that had prevailed under the cooperative system. This emerging complexity challenges classic methods of land-use analysis and planning, and calls for innovative approaches to understanding changes in land use and the impact of these changes on the environment.
The need for integration of interdisciplinary knowledge across scales
The difficulty of working within the extreme diversity of the mountainous regions is exacerbated by the lack of empirical data on these areas. Further, the data that are available are often fragmented or pieced together from geographically limited case studies. Monographs are a tool that is widely used by social scientists to investigate the way that farmers manage their land-use systems at the local level, i.e., from field and farm to household and village community, and to put them into a historical perspective (Mazoyer and Roudart 1997) . Researchers typically spend long periods living and interacting with local populations. Their empirical knowledge is usually delivered as narratives that reconstruct and interpret land-use trajectories based on comparative analysis of individual story lines, farm typologies (Landais 1998) , and interactions between farm households and among other stakeholders in social networks (Steins and Edwards 1999, Ravnborg and Westermann 2002) . Such case studies were an essential component of Farming Systems Research during the 1980s (Conway 1985 , Collinson 2000 and are still important today to anchor the diagnostic phase of a project in a rich empirical foundation (Evans and Kelley 2004) .
Between 1998 and 2000, six case studies were implemented in the province of Bac Kan in northern Vietnam by the Mountain Agrarian Systems Program, a joint research project of the Vietnam Agricultural Science Institute, the Institut de Recherche pour le Développement, the Centre de Coopération Internationale en Recherche Agronomique pour le Développement, and the International Rice Research Institute (for more information see http://www.knowledgebank.irri.org/sam/home_en. http://www.ecologyandsociety.org/vol10/iss1/art27/ html). The synthesis of empirical knowledge from direct inquiries, secondary data, and analysis of chronological series of aerial photographs resulted in a comprehensive understanding of local development issues, with particular emphasis on the social management of natural resources (Castella and Dang 2002) . However, the recommendations generated from these case studies were difficult to extrapolate over large areas, especially in such a heterogeneous environment. The large number of replications that would be needed to extrapolate the results to regional scales was limited by the human and financial means that were available as well as by time constraints (Sayer and Campbell 2004) . A comparative analysis of the available case studies attempted to decontextualize the main drivers of change in land use. Those with a marked impact at the regional level were discriminated from the locality-specific artifacts . For example, the distribution of lowland fields to individual households was identified as a major driving factor of the rapid and massive deforestation of the hillsides in the 1980s. Converging results from highly contrasted natural and human environments were represented as a conceptual model of the agrarian transition between cooperative and household-based agriculture. First expressed as a narrative, this model described changes in farming practices and strategic decisions as a function of the demographic composition of the household and access to irrigated lowland for paddy cultivation (Castella and Dang 2002 ).
An agent-based model (ABM) was then developed to assess the impact of the individual decisions and actions of farmers/agents on the observed changes in the landscape and the environment (Parker et al. 2003, Bousquet and Le Page 2004) . The computational model known as SAMBA was developed under the Cormas simulation platform (Bousquet et al. 1998) . The model's name is formed from "SAM," the French acronym for mountain agrarian systems and the name of the project in which the methodology was developed, and ba, which means "three" in Vietnamese. The model is considered a link between two components of the project; the first deals with identifying land-use changes and the problems that are a priority with local stakeholders, and the second involves intervention through the design and testing of technical and organizational innovations, in collaboration with farmers. SAMBA satisfactorily simulated changing farmers' practices in the 1980s and helped establish the causal relationship between a policy related to land tenure in the lowlands and the massive deforestation trend on the hillsides .
Toward a spatial agent-based model for participatory simulation of land-use changes
Alhough the explanatory quality of this first model was derived from its simplicity, it was in fact too simple to capture the complexity of the changes that occurred after 1993, when a second round of land reforms allocated the forest land to individual households in an attempt to stop runaway deforestation and environmental degradation. This new policy, combined with economic liberalization and the development of ambitious government projects for the alleviation of poverty and for reforestation in the mountains, accelerated the process of agricultural transformation. A new model incorporating ongoing processes had to be developed to keep up with the rapid pace of change. However, the development of such a model was challenging for the very reasons that we needed a model: the more complex reality and the rapid pace of the changes. In such complex institutional and natural environments, participatory modeling can contribute to data acquisition and analysis across multiple scales and to the integration of interdisciplinary knowledge (Bousquet et al. 2002 , Walker et al. 2002 . Furthermore, the active participation of stakeholders is crucial for integrating multiple perspectives with regard to the use of natural resources and for disentangling the cause-and-effect relationships among different driving forces and changes in land use observed at different scales (Leeuwis 2000 , Johnson et al. 2003 ).
An agent-based model of land use/cover change (ABM-LUCC) is an effective tool for exploring agent diversity and landscape heterogeneity within a spatially explicit structure (Evans and Kelley 2004) . There is a wide range of possible applications from theoretical abstract models to more realistic applied models designed to aid problem solving and to provide support for land-use planning and policy formulation. The former can help test candidate explanations for empirically observed phenomena, i.e., explanatory models, whereas the latter attempt to mimic real-world systems to predict their future transformation or to explore scenarios, i.e., descriptive, exploratory models, (Parker et al. 2003) . To make them more realistic, the descriptive models for LUCC can be coupled with GIS (Parker http://www.ecologyandsociety.org/vol10/iss1/art27/ 2005 ). In addition, role-playing games (RPG) can help elicit stakeholders' representations. The rules that govern the decisions made by individual agents are then incorporated into the model by observing the behavior of the players (Bousquet et al. 2002 , Barreteau 2003 . This paper investigates the synergies between ABM, RPG, and GIS methods once they are combined and applied to complex, real-world development issues. The next section introduces the action-research framework developed and tested in Bac Kan province to overcome the methodological problems inherent in the northern mountains of Vietnam, which included the capture of local knowledge in a rapidly changing institutional environment and the issue of representativeness in the selection of study sites and of participants in participatory simulations. We then present the participatory modeling approach as an iterative process throughout the different stages of field work, modeling, role playing, and building platforms for interactions between stakeholders about the management of natural resources. RPG and ABM are used in combination to understand local mechanisms of land change with particular emphasis on human-induced drivers. Finally, the contextual knowledge generated through the local communication platforms is extrapolated to a regional landscape by coupling the spatially explicit ABM with a GIS. The resulting ABM-LUCC, named SAMBA-GIS, facilitates the process of participatory simulation, which in return consolidates the model by adding new rules or by calibrating its parameters. These rules and parameters are both the core of the model and at the same time the drivers and mechanisms of land change that are investigated with the model. Consequently, the SAMBA-GIS model is presented in this paper both as a process for the development of a methodology and the result of its application in the context of Bac Kan province.
PRESENTATION OF THE STUDY AREA AND RESEARCH FRAMEWORK

A heterogeneous natural and human environment
Bac Kan is a mountainous province located 150 km north of Hanoi (Fig. 1) . In the absence of industrial and commercial activities, the farmers of Bac Kan depend to a large extent on subsistence agriculture.
Most of the subsistence agriculture in Bac Kan
Province is based on the cultivation of paddy rice in the limited valley bottoms that cover only 2.6% of the province. Other important subsistence crops include maize (21,000 ha in 2000) and cassava (26,700 ha), which are mainly used for feeding pigs and are not traded commercially. Cash crops include soybean (1080 ha), sugarcane (460 ha), peanuts (400 ha), and tobacco (175 ha). Although cash crops are not grown on much of the land in the province, they may nevertheless account for a large proportion of farmers' incomes. In addition, the raising of large ruminants such as cows and buffaloes has remained stable or decreased over the past few years because livestock put pressure on natural resources and are also a major source of conflict associated with crop damage and the use of resources (Castella and Dang 2002) . Finally, perennial plantations of fruit and timber have developed rapidly in recent years, helped along by projects that have included training and subsidies for tree growers. Five major ethnic groups live in Bac Kan Province: the Tay (55%), the Dao (17%), the Kinh or Viet (13%), the Nung (9%), and the H'mong (5%). The population is divided into two major groups. The first group, composed of the Tay, Nung, and Kinh, includes the majority of the population in the province. These people live along the major channels of communication and transportation close to population centers such as Bac Kan town and the district administrative centers. They control most of the political and administrative institutions in the province. Their settlements are close to rivers and streams, and they predominantly engage in paddy rice cultivation. Helped by good accessibility and market integration, they sell much of their agricultural production. The rest of the population of Bac Kan Province, i.e., the Dao and H'mong, lives in remote areas that are difficult to access. They have limited areas of irrigable flatland suitable for paddy rice. Instead, these people often rely on extensive hillside slash-and-burn cultivation systems, the yields of which are very vulnerable to climatic variability. Agricultural production is mostly for household consumption. Although many of these ethnic groups were nomadic peoples in the past, most switched to sedentary production systems after the allocation of forest land.
This province is one of the major focal areas of the Ministry of Agriculture and Rural Development because of growing population pressure, the large number of farmers who still practice shifting cultivation, and the already substantial deterioration of the natural resource base. It was expected that local populations and authorities would be easily mobilized around these burning environmental issues (Castella et al. 2004) . The synchronic and diachronic aspects of the study both played a role in selecting study sites within the province (Fig. 1) . The diachronic analysis required sites for which sufficient historical data were available, including chronological series of remote sensing data, whereas the synchronic analysis necessitated that the study sites be selected in terms of their current stage in an evolutionary process that involves market integration, infrastructure, rural exodus, etc. To satisfy both of these requirements, the research sites for the monographic studies were selected to cover the regional diversity along each of these axes: http://www.ecologyandsociety.org/vol10/iss1/art27/ agro-ecological diversity and the full gradient of market integration (Castella and Dang 2002) .
History of the agrarian system
The monographic studies conducted in Bac Kan province made it possible for us to compile the following history of the agrarian system during the 20th century. This history can be summarized as a succession of four different kinds of land use (Castella and Dang 2002) .
1.
Before agricultural collectivization at the end of the 1950s, land use was relatively extensive, with a single rice crop per year in the lowlands and slash-and-burn agriculture with long fallow periods in the uplands. The Tay occupied the lowlands, and the Dao lived in the uplands.
2.
During the collective period , lowland rice production was intensified using the technologies of the Green Revolution. The Dao people were moved to the valley bottoms to contribute to the newly founded cooperatives alongside Tay households. Cultivation of the hillsides was forbidden by local regulations, and the practice of slash and burn was restricted to a few small fields near the village.
3.
In the late 1970s and early 1980s, agricultural production was unable to keep pace with the growing population of the region, whereas the hillsides continued to be underexploited. Although the resource base was maintained, the food needs of people were not being met. Beginning in 1982, a series of reforms led to the eventual dissolution of the cooperative system. This failure culminated in an abrupt return to traditional shifting cultivation practices and an uncontrolled rush to clear and appropriate as much upland area as possible. Within a few years most of the forests in the province had been cleared.
4.
In 1990, there was a spontaneous movement among the Tay to reclaim the paddy fields that had been collectivized in 1960. Families took back the paddy fields of their ancestors, reproducing the land inequalities of the preindependence system. The households who could secure individual ownership, first of paddy fields and then of sloping lands, intensified paddyland production by means of techniques such as rice double-cropping, chemical fertilizers, and mechanization, and then increased both their labor investment as well as their medium-and long-term investment on the hillsides, e.g., permanent agro-forestry systems, expansion of land under maize associated with pig raising, and perennial plantations. However, not all families were able to develop such sustainable land uses. Families who had joined the cooperatives in the later years of collectivization, mainly Dao ethnics, were deprived of the paddy fields on which they had been working for years, and many subsequently had no other choice but swidden cultivation. These families are now facing a critical situation of poverty, whereas, for the dominant Tay villages, agriculture has generally improved over the past decade from both an agro-ecological and a socioeconomic point of view.
Selection of sites and participants
Throughout the 1990s, farmers' strategies evolved based on their access to land ownership and to the other means of production available to them. Given the complexity and the rapid pace of these recent agricultural changes, it was not possible to use the same tools as those used to describe the deforestation trend of the 1980s . A scientist-driven model based on an abstract hypothetical landscape could not adequately simulate farmers' decisions in context . Building on previous work (Barreteau and Bousquet 2001, Barreteau 2003) , the SAMBA agent-based model was transformed into a roleplaying game (RPG). As with the computational model, two hierarchical levels were taken into account in the RPG: the household level and a higher level of landscape observation. The farm household was the relevant unit for characterizing and analyzing the individual decision-making process, whereas the consequences of these decisions on land use were observed at the village scale. The village was selected as the landscape modeling unit because it is a coherent entity for the management of natural resources from both a biophysical and a sociological point of view. In the mountainous regions of http://www.ecologyandsociety.org/vol10/iss1/art27/ northern Vietnam, the village territory usually corresponds to a small watershed with a tiered spatial organization of land uses, and the village community is the basic social system that collectively manages the local resources (Castella and Dang 2002) . The strong social cohesion between villagers and the intensity of interactions within the village community as compared to higher administrative entities such as the commune, district, or province was also considered to be an important factor in the success of the grass-roots level communication platform on natural resources management (Ravnborg and del Pilar Guerrero 1999) . Consequently, the complex system under scrutiny was the village agro-ecosystem whose biophysical boundaries matched the social boundaries of the village community. One or two villages were selected at each study site or commune in which the monographic studies had previously been conducted ( Fig. 1 ). As mentioned above, these sites had been selected to cover two ranges of diversity, agro-ecological and integration to market. Within each site, the villages represented the contrasting cultivation practices of paddy rice in the lowland and swidden agriculture on the hillsides, which also corresponded to the main ethnic groups present in the area. When both groups were not present in one village, two villages were selected. About 10 farmers were invited to participate as players. They were selected according to the following criteria: age, gender, ethnicity, wealth, social position in the community, and farm management strategies based on the results of monograph studies that had previously been conducted at the same site. Again, the objective was to maximize the diversity of situations.
ACQUIRING KNOWLEDGE ABOUT LOCAL PROCESSES OF LAND CHANGE THROUGH PARTICIPATORY SIMULATION
The sequence of the participatory simulation
We called this approach "SAMBA-Week" because it was extended to five-day sessions . "SAM" is the French acronym for "mountainous agrarian system," and ba is the Vienamese word for "three." The first day was dedicated to the role-playing game (RPG). The grid of the simulation environment was represented by a game board composed of cubes with each side painted a different color; each color represented a type of land use or cover (Fig. 2) . With the help of the facilitators, the participants designed a virtual landscape resembling their own village on the game board. They drew cards that accounted for the composition of their virtual families and the numbers of paddy fields and buffalos they owned in the game. They then had to manage their production to feed their families. Through these actions, the farmers were able to change the land use and the land cover represented by the different colors on the game board (Fig. 2) . For an individual action, such as opening upland fields as close to the house as possible or turning upland rice fields to fallow after several years of cultivation, to become a rule, it had to be either repeated by many players independently or agreed upon by all the participants as the usual way to do things in the context of their village. The same was true for the parameters of the model they were constructing jointly, e.g., yield of main crops, labor requirements for each of their actions; these resulted from a consensus among all the participants and were often the occasion for lively discussions. At the end of each round of the game, the income generated from the different activities was computed, and the players received virtual money computed as rice equivalent. This reward for their decisions and actions was first reinvested in basic food consumption. When the financial balance of a household agent was positive, he or she was able to buy pigs or buffaloes or nonagricultural products. Conversely, when the balance was negative, the household agents had to borrow money from others or from the bank or engage in off-farm activities. About 6 yr could be simulated in the successive rounds of the game, and the one-day session ended with a collective debriefing. All the actions of the individual players were recorded along with all the interactions and discussions. The role-playing game proved to be a very powerful tool that enabled us to observe the actions of the player-farmers, elicit their decisions in context, and discuss with them the land use that would result from the actions they had undertaken in the gaming simulation (Greenblat 1981 , Boissau et al. 2004 . The rules of the RPG were intentionally kept very open to allow the players to explore solutions that the researchers might not have included in the model or that the players themselves might not dare to risk in real life. This brought to light valuable information about how farmers deal with risk and uncertainty and how they adapt to changing circumstances or to an unexpected outcome of a decision they made.
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During the following three days, two processes were undertaken in parallel:
q Individual interviews were carried out with the players to understand the rationale behind the actions they had undertaken during the game. They were asked to justify their actions round after round, for example, with regard to their economic situation, their past actions, the actions of the other players, their real-life situations, etc. These questions were intended to help us understand what had happened during the game. The interviews also tackled the question of the difference between the game and reality from both a general and a more individual point of view. Finally, the interview ended with an assessment of the game by the interviewee. q A computerized multiagent simulation of the game was implemented. The model, and especially the behavior of the agents, was based both on our observation of the game and on the information obtained during the individual interviews. This first model was intended to replicate as faithfully as possible the sequence of the game, by specifying only general rules for individual behaviors and land-cover dynamics, as identified during the two previous steps. These rules were then used to simulate potential scenarios identified by the participants, for example, scenarios with population growth or with additional rules governing land and/or livestock management.
On the fifth day, a collective meeting was organized with the game participants to present the computer simulation. The session typically started with the presentation of the simulation that replicated the game session they had played a few days before. Through this presentation, the players became familiar with the computer model and learned to follow a simulation on the screen. For example, they were able to describe the changes in the landscape and to infer the behaviors of the agents. Other scenarios were then presented to the participants and discussed. Computer-simulated scenarios allowed us to simulate, in a shorter time, longer periods than those used in the game and therefore to show farmers the long-term implications of their choices. The discussion focused in particular on the similarity between the simulated scenario and past, present, or future reality; the likelihood of the scenario actually happening; the problems that would result; and possible ways of solving them .
Building trust through a gaming-simulation approach
The role-playing approach can overcome the main obstacle to data collection encountered in traditional inquiries using questionnaires, open discussion, or rapid participatory appraisal, which is the lack of trust between the interviewer and the interviewee that may result in imprecise or inaccurate information. Interviewers and interviewees usually come from different social environments and have different cultural backgrounds. These differences become especially acute when local people from ethnic minorities of the mountains are confronted with researchers from the Kinh group, who dominate Vietnam's national research system, or with foreigners from international organizations. In addition, interviewers and subjects have little or no contact with each other before or between interview sessions, which does not facilitate easy communication. Traditional ethnographic studies built trust between the investigator and local people through long-term direct observations that are only possible if the researcher can share the life of the local community for long enough periods. As mentioned above, the approach described here builds upon very valuable monographs that have contributed considerably to our understanding of local circumstances, but are nevertheless not sufficient to achieve the objective of a scale transfer in such a diverse environment.
Another obstacle to communication when working in Vietnam, especially in northern mountainous regions, is the fact that interview subjects are often pressured into spouting the official line rather than expressing their own points of view. Farmers, especially those from ethnic minorities, generally have a low level of education and are not considered by local authorities to be knowledgeable people. http://www.ecologyandsociety.org/vol10/iss1/art27/ Authorities often see them as backward peasants who make irrational use of resources. Consequently, these farmers are given little opportunity to express their views in public, or they may only be allowed to speak under the control of the authorities, who make sure they repeat official views on the subject, thus eliminating personal opinions and passing over conflicts in silence. To understand a specific situation or why farmers adopt certain practices, one has to go beyond this official discourse, although this can only be achieved by using an unconventional means of communication such as role-playing. Participants were very enthusiastic about the game because they felt it gave a voice to people who are not often heard. One participant told us, " ... if you really want to understand me, it's better to watch what I do than listen to what I say about it." Using gaming simulation, we were able to both observe the actions of the players directly and see how they changed over time, especially in periods of crisis. The game also served as an ice-breaker. During the role-playing sessions, players, observers, and researchers shared a common experience that helped create links between them. This considerably facilitated subsequent interactions, starting with individual interviews during which a real enhancement of communication was observed.
Relationships between the gaming simulation and reality
During the sessions of the role-playing game (RPG), the farmers played the role of farmers. Our http://www.ecologyandsociety.org/vol10/iss1/art27/ observations during the game showed that they all played seriously and did their best to manage their resources as they do in real life . During the first rounds of the RPG, they systematically used their own experience as a reference for making decisions. However, they were not playing exactly the roles they fulfilled in real life because they had drawn cards that defined the composition of their virtual families and their resource endowments. The aim here was to avoid reproducing in the game existing relationships or potential tensions between participants. In this way they were able to react to unknown situations and even to make fun of themselves and of the consequences of their decisions in a relaxed atmosphere. Rather than investigating the real lives of the participants, the purpose of the game was to create a shared representation of their livelihood system based on their knowledge of the local context, and more generally to capture the system of representation shared by all members in their community. Because it was not possible to get the whole village (50-100 households) around the game board to play the game, we made the assumption that players from 10 carefully selected households could reconstruct the history and institutions of their village through their interactions in the game (Bousquet et al. 2002 , Etienne et al. 2003 . The debriefing at the end of each session in the presence of the village committee helped eliminate possible bias in the selection of participants or in the participatory processes. The discrepancies between the outcome of the role-playing and the villagers' own representations of their situation were discussed collectively during the debriefing and then individually during the interviews that followed the role-playing. These successive interactions and repeated adjustments of the local agent-based model resulted in a common agreement on the way the game represented their reality ).
At each site in which SAMBA-Week was implemented, the results obtained were consistent with information acquired from other sources such as secondary data and monograph studies, which provided a second level of validation of the model. The bidirectional communication favored by the combination of role-playing and the computer model resulted in an original perspective that it would be impossible to achieve using traditional survey methods. Based on the common experience of the game, subsequent discussions and simulations helped elicit local rules, both official and informal, for resource management. Farmers were not talking about what they usually did in a normal year; they were giving the reasons for their actions at the same time as they made their decisions.
SCALE TRANSFER OF LOCAL MANAGEMENT RULES TO A REGIONAL LANDSCAPE
Structure of the agent-based model and participatory generation of the rules
The whole SAMBA-Week process was applied in five of the six communes of Bac Kan Province in which monograph studies had previously been implemented. By repeating SAMBA-Week in different environments, it was possible to capture the diversity of local situations and study local trajectories of changes in land use. This resulted in a very rich interdisciplinary database comprising five location-specific SAMBA models of resource management in the form of (1) records of the roleplaying games, (2) computer models containing multiple scenarios explored with local farmers, (3) individual interviews that helped elucidate the decision-making processes of the farmers, and (4) the results of the monograph studies, i.e. a comprehensive study of land-use change based on farming-system typologies, land-use maps, the identification of stakeholders, the analysis of their strategies, etc.
A generic decision-making model with local adaptations
All model artifacts, i.e., the agent-based model (ABM) designed by scientists, the role-playing game (RPG), as well as a location-specific ABM resulting from the participatory process, were organized around the same basic rules/algorithm that structured the conceptual model derived from the monograph studies . In the SAMBA model, farm households make decisions about their production activities based on their capacity to supply the rice needs of their families from their own paddies. Thus, they might decide to intensify rice cultivation in the lowlands, e.g., by introducing a second rice cycle in the spring, or to grow upland rice on the hillsides. Only after rice self-sufficiency had been achieved would farmers diversify their production or produce cash crops for Ecology and Society 10(1): 27 http://www.ecologyandsociety.org/vol10/iss1/art27/ the market. All the results we obtained from different sources confirmed this behavior, even in areas with good access to market that would make it possible for farmers to sell agricultural products and buy rice for home consumption. This is certainly one consequence of the long period of food shortage in the early 1980s and also underlines the cultural value of rice cultivation in Vietnam. A second hypothesis underlying the model is that farmers make their decisions regarding land use based primarily on their access to paddyland and not because of cultural values specific to their ethnic group (Castella and Dang 2002) . Consequently, the decision-making rules would be the same for all ethnic groups in the computational model, and their different behaviors would emerge from differences in their access to land resources.
Around these fundamental rules that are central to the decision-making model, the successive SAMBA-Weeks incorporated specific local characteristics. The type of agricultural production and its productivity would vary with biophysical conditions such as soil and topography and with socioeconomic context, e.g., accessibility, presence of government projects, etc. Thanks to a parameter interface (Fig. 3) , the computational model can be parameterized as a function of specific local characteristics as expressed during the participatory simulations, e.g. average crop yields as a function of soil quality and climate, the speed of forest regeneration, or livestock reproduction patterns. This interface was used to rapidly adapt the model to local circumstances or to simulate with local stakeholders the effect of changing parameters on the behavior of the model.
Spatial and temporal scales
Because the time and spatial scales are related, tactical decisions made during a cropping season do not have the same impact on land cover as do strategic decisions involving changes in land use. The SAMBA model focuses on the second type of decision, which determines both the time step (1 yr) and the spatial resolution of all the grids used in the RPG, ABM, and GIS (1000 m 2 , equal to 1 bung: the unit used to measure area in mountainous areas of northern Vietnam). The choice of these complementary scales and spatial resolution had serious implications for the diagnostic study of past changes in land use and for the scenarios of future changes. Although the extent (village), the grain resolution (1000 m 2 cells), and the frequency (annual time step) of the observations were the same in the monographic case studies (MCS), RPG, or ABM tools, the methods differed in terms of the time span of the observation: 2-3 yr in the MCS, 6-7 yr in the RPG, and up to 20-30 yr in the ABM. In addition, the ABM made it possible to incorporate all the village households into the simulation, although only 10 of them were actually represented during each RPG session. The fact that these three tools were complementary greatly facilitated the interactive process of analyzing short-, medium-, and long-term scenarios with stakeholders. Although the agent classes (Fig. 4 and Appendix 1) and core architecture of the computational model remained the same all through the participatory simulation process, i.e., the fifth day of the SAMBA-Week, the environment and initialization procedures were changed only gradually to enable the participants to follow. Once they were acquainted with the SAMBA model through the game-based discovery process, we simulated landuse changes on the computer screen using ABM running on the 25 x 25 cell grid similar to the game board (Fig. 5A ), then on a 50 x 50 cell grid that featured a more realistic landscape (Fig. 5B) . In the first case, the model was initialized with the simplified environment of the village and the characteristics of the 10 players of the RPG, whereas in the second case it was initialized with a more complex environment, i.e., with the same proportions of land-use classes as in the real village, and with 50 household agents parameterized according to the birth registry database of the village. Under this configuration, the model supported long-term simulations involving 20-50 time steps and therefore incorporated a population increase that was not necessary when representing the six time steps played during the game.
Coupling agent-based models and GIS to extrapolate land use/cover change analysis across the landscape
After a few applications of SAMBA-Week, the model started to stabilize, and new applications brought decreasing levels of relevant information to improve the model. Throughout our five sessions of participatory simulations, the ABM was calibrated by introducing new methods in the form of elementary algorithms describing how the farmers managed natural resources through farming, forestry, or animal husbandry activities that were specific to certain environments, village
Ecology and Society 10(1): 27 http://www.ecologyandsociety.org/vol10/iss1/art27/ communities, or development projects. These methods, e.g., createFieldHut, intensifyLowland, were incorporated into the programming sequence together with the conditions, e.g., threshold on cell qualities, labor force available, density of agents, etc., that triggered their implementation during the simulation (Fig. 6) . The model evolved to incorporate new layers of information that agents take into account when making decisions, e.g., soil types, accessibility, reforestation plans, and also to incorporate new rules observed at different sites. The new model was more realistic than its previous versions and, at the same time, it resulted from an effort of decontextualization. When the same algorithm was applied to the whole province, the results of the simulations varied considerably between villages depending on the geographic distribution of the natural resources in the different layers of the GIS and on the local conditions extracted from the parameter interface. When the model was used for a batch simulation of all villages, parameters specific to each village were loaded from a database under MSAccess®. The initial conditions of the agents, e.g., number of households, household composition, livestock, etc., were extracted from the same database. The environment is represented as a grid that can be either a simplified representation of a landscape generated directly under Cormas platform (Fig. 5B) or a real land-use map of the village extracted from a GIS under ArcView®, with each layer saved as an ASCII file (Figs. 5C and 7). As shown in Fig. 4 , the main layers used to initialize the environment are land use, soil type, remoteness computed as the distance to the residential areas, and land suitability for the main crop computed from topography, soil characteristics, and crop requirements. At each time step, the environment is transformed by the actions of household agents following the sequence shown in
Figs. 6 and 8. The cells can be appropriated by a household, and the land can be converted to different uses such as paddy rice, upland rice, cash crops, and fallow according to the household's strategies. The land cover also changes according to specific rules of vegetation dynamics. The land-cover "state" of a cell changes with its age, which is incremented at each time step. In addition, grazing livestock has a negative impact on forest regeneration. Under the Cormas platform, the simulation can be monitored using different views, i.e., layers of information about the environment and the agents as shown in Appendix 2.
To check the model parameters, we verified that, once initialized with the biophysical data for land cover in 1990 and soil types and socioeconomic data on the population, livestock, and accessibility of the 50 villages in the case study sites, our model would be able to retrieve the same scenarios as the one elaborated during SAMBA-Week with the localityspecific ABM. In addition, a sensitivity analysis was performed on a number of parameters such as individual food consumption, crop productivity in the paddies and on the hillsides, and the working capacity of labor units that were assumed to vary between locations. The model was run 20 times over 20 time steps for increasing levels of the parameter values. For example, we checked that increasing food demand induced intensification of agriculture in the lowland when feasible, then expansion of upland cultivation, and, last of all, income generation from nonagricultural activities, as observed in reality. By comparing the outcomes of different agent initialization procedures, we also checked a key assumption of the model, i.e., that access to lowland fields, rather than ethnicity and related cultural factors, was the major determinant of the farmers' decisions. Based on the results of these tests, more layers of information were incorporated to account for (1) the influence of village accessibility on the range of livelihood options available to farm households and (2) the existence of local opportunities for income generation, e.g., mining, small agro-industry, or specific development projects, e.g., reforestation, poverty alleviation programs. Maps representing the areas of influence of these off-farm activities or projects were added together with the corresponding rules. The village trajectories of land-use change for the 221 villages of Cho Don District were then compared with the results of the MCS and SAMBAWeek at the reference sites. This led to a typology of villages based on key indicators identified through the MCS, including access to paddyland and endowment in natural resources with respect to the active population, and land-change trajectories simulated with SAMBA-GIS. This made it possible to deduce the driving forces of land change at work in any village in the district from its resource endowment and recent patterns of change in land use (Castella and Dang 2002) . Specific actions could consequently be targeted to the different types of villages according to the driving forces currently at work, e.g., lack of irrigated land, poor access to Ecology and Society 10(1): 27 http://www.ecologyandsociety.org/vol10/iss1/art27/ Fig. 6 . Diagram representing the farmers' process of decision making when allocating their production means to different land-use systems. WFP stands for the World Food Program, a reforestation program that supplied 500 kg of rice for three consecutive years to farm households for each hectare of timber trees planted and protected. LF = labor force available.
Ecology and Society 10(1): 27 http://www.ecologyandsociety.org/vol10/iss1/art27/ Ecology and Society 10(1): 27 http://www.ecologyandsociety.org/vol10/iss1/art27/ market, etc. The results of the communication platforms conducted at the reference sites were able to inform policy makers about the development issues at stake in each type of village (Castella et al. 2004 ).
Validation of the regional agent-based model for land use/cover change
The SAMBA-GIS model was validated in one district of the province, Cho Don District, in two successive stages.
First, land use/cover change (LUCC) over the period 1990-2001 was simulated for each village in the district. The model was initialized with secondary data complemented when necessary with data from rapid village surveys on population, ethnicity, number of buffaloes, presence of reforestation or development projects, etc., and GIS layers related to land use, soils, accessibility, etc. The resulting maps were aggregated after each time step to recreate the district map from the simulated village maps. Next, the simulated land-use maps were compared to the actual land-use maps available for 1995, 1998, and 2001 from satellite images and to statistical data on agricultural production in the district (Fig. 9) . The coherence of the trends representing changes in land use among the three sources of data provided the first level of validation. Because of the stochastic elements of the model, e. g., location of the households on the map and a randomized search procedure for cells suitable for different activities, the map outputs of several runs of simulation were compared to the map that was the result of remote-sensing observations. The differences between the observed and simulated maps were assessed in terms of the quantity of cells rather than the exact location of the changes in land use. A more refined comparison of the simulated and observed maps has since been undertaken based on the comparison of landscape metrics at the village and district levels. The method used is reported in Pontius et al. (2004) . In our context of action-research, this kind of validation was sufficient to classify villages according to their main land-use system, given the contrasted land-change trajectories at the study sites, e.g., rapid deforestation linked to swidden cultivation in villages in which access to paddyland is limited, forest regeneration after forestland allocation where paddy cultivation could be intensified, etc. The model was able to satisfactorily represent land changes observed by remote sensing data throughout the 1990s (Fig. 9) . However, the decision-making rules in the model may not correspond to the actual decision-making process of the farmers because several different algorithms may lead to the same landscape output.
Consequently, an actor-based validation procedure was tested in two communes of the district in which the projects had not previously been carried out (Fig.  1) . At each site, SAMBA role-playing by 10 village headmen from the commune was the first activity in a day-long validation session. The participants then learned the decision-making rules of SAMBA-GIS during a step-by-step simulation with the ABM. When they felt comfortable with the computer environment, we replaced the basic grid with the raster GIS of the villages. Village headmen were placed in decision-making situations that were designed to explore different types of decisions depending on the availability of resources, local institutions, environmental factors, and the behavior of other players. Based on this simulation, we were then able to discuss with the village headmen the changes that had occurred in their villages, and together we tried to explain any discrepancies between the history of the village land use simulated on the computer screen and the history known by the local stakeholders. The consistency between these scenarios repeated for 20 villages provided the second level of validation, which can be referred to as "social validation." What was measured was the level of satisfaction of the local stakeholders involved in the participatory simulation with the way the recent transformations of their village were represented in the model.
LIMITS OF THE PARTICIPATORY SIMULATIONS OF LAND USE/COVER CHANGE AND FUTURE OUTLOOK
From validating to legitimizing the decisionmaking model
Land use/cover change (LUCC) models have to be carefully validated if they are to be used to support collective decision-making or action (Lambin et al. 2003 , Parker et al. 2003 , Pontius et al. 2004 . What needs to be validated, and for which purpose, should guide the validation procedure (Manson 2002) . The successive stages in the implementation of the multiscale participatory diagnosis of land-use http://www.ecologyandsociety.org/vol10/iss1/art27/ Fig. 9 . Comparison of simulated maps and actual land use maps used to check the SAMBA-GIS model. changes, which are summarized in Fig. 10 , provided the occasion to cross-check the information obtained from different sources. At the local level, i.e., the village or commune, monographic case studies (MCS), the classic method of data collection and analysis, were combined with the participatory simulation based on agent-based models (ABM) and role-playing games (RPG) through an iterative process of formulation and testing of hypotheses, e. g., the farmers' level of self-sufficiency in rice from the paddies determines the activities they carry out on the hillsides and their access to land resources determines their strategies much more than ethnicity or cultural values. In addition, the aim of the RPG was to elicit and validate the decision-making process of local farmers. Information gathered through role-playing and individual interviews was incorporated into a multiagent model. When simulating the consequences of decisions made by individual farmers on changes in landscapes, the ABM-LUCC model deals with the question of scale transfer (Bousquet and Le Page 2004) . In our case, we also dealt with a second level of transfer: from the local to the regional scale (Fig. 10 ). Although a model resulting from a participatory simulation session can be considered valid or legitimate for the study site under investigation, it is locality-specific and may not apply to other sites. Extrapolation of locality-specific data to regional landscapes may thus require complementary validation procedures (Manson 2002) .
During the process of modeling, the consistency of information can be checked by the scientists: the outcomes of agents' behavior must lead to a global environment that closely resembles the one observed in the participatory simulation session. If this is not the case, individual behaviors must be investigated further. However, resemblance is a subjective notion even for scientifically grounded methods of map-to-map comparison (Pontius et al. 2004) . Much effort can be invested in assessing the resemblance between simulated outputs and empirical data with little operational usefulness in the participatory process (Manson 2002) . We thus relied on the expertise of the scientists involved in Fig. 10 . Successive stages in the multiscale participatory simulation of land-use changes. ABM stands for agent-based model. the field work over the 4 yr of the research program and, more importantly, on the local knowledge of people who have lived their whole lives in the study area. When the model was presented to the participants, they were asked to validate the model, i.e., accept the computer simulation as a "good" representation of their reality, and to suggest changes to aspects that they considered did not match reality. Once a consensus had been reached on the model, it was considered a common representation of reality shared by both the stakeholders/participants and the researchers. What we call "social validation" should not be interpreted with reference to model validation procedures in natural sciences. In our case, it was more important to legitimize the model with its end-users through a collective learning process than to provide evidence for the scientific community. Indeed, a model can only be used as a mediating tool for concerted action once it has been perfectly understood and is considered by decision makers to be legitimate ).
Supporting collective decision-making and negotiation
Once the black box of the model has been opened thanks to the role-playing sessions, i.e., the rules have been made explicit to all participants, it can be used to support collective action . Through the participatory simulation, http://www.ecologyandsociety.org/vol10/iss1/art27/ individual farmers who usually have only a partial view of their village agro-ecosystem contribute to building up a complex picture of the system, which broadens their perception of the problems and, as a consequence, also extends their range of action. They become more fully aware of the differences between the local stakeholders and of their interdependency in managing village resources (Ravnborg and Westermann 2002) . They feel empowered by the recognition afforded by the group of their contribution to the common representation of the system. Through the participatory simulation, people who are not familiar with computers and even illiterate people are able to grasp the model structure and rules. As soon as they feel comfortable with the model, they start suggesting changes to the rules or parameters of the agent-based model to test different hypotheses or elaborate new scenarios. They get involved in a communication platform that promotes a shared representation of the issues at stake (Röling 1994 , Röling and Jiggins 1998 , Steins and Edwards 1999 .
To give an example, the participants at one session were concerned about the problems associated with a government reforestation program that had reduced the amount of grazing land available to their commune. The forest plantations were still young, and farmers wanted to evaluate the time remaining before these problems would become serious, and who would be affected. They also wanted to assess the extent of the problems and their possible consequences for the whole community. Together we built several scenarios and assessed the risk associated with each, e.g., reduction in the size of the village livestock herd, specialization in animal husbandry by some farmers, limitation of the reforestation scheme, introduction of forage as a cover crop associated with upland crops, etc. After the collective experience that all the participants had shared for one week, we were all partners in the solution-finding process. During the last day of that SAMBA-Week, lively discussions and negotiations based on mutual trust tended to minimize tensions between people with different objectives, viewpoints, or strategies. The scenarios were able to introduce technical and/or organizational innovations and, most importantly, discussions of social factors that would facilitate the adoption of these innovations. The project further supported the local people in implementing the local development plans designed collectively through training courses on specific topics of interest and the introduction of technical innovations, e.g., on-farm testing of new forage crops and cover plants for erosion control (Martin et al. 2004) .
Institutionalizing the participatory simulation approach
Although the participatory simulation approach met with very enthusiastic reactions from local people, it was generally perceived by the commune and district authorities as a new extension method and not as a valuable basis for the formulation of policy. However, the authorities did appreciate the opportunity to combine knowledge from different communities, including scientists, experts, and local stakeholders who shared a common interest in sustainable natural resources management. They asked the project team to use the method more widely, to involve more participants from the villages in the communication platforms, and to make more people aware of possibilities for the sustainable management of local resources. They recognized the potential of the approach to favor bottom-up initiatives and to support the local committees of mass organizations such as the Farmers' Association, the Women's Union, and the Fathers' Front and of administrative bodies such as the People's Committee in reviving their activities, especially by favoring the emergence of collective planning and action at the local level. At the same time, they pointed out that not all innovations, be they technical or social, systematically emerge from local negotiations. In some cases, changes that seemed impossible to local people became reality thanks to policies imposed from the top, e.g., financial incentives for agricultural intensification, or to external changes, e.g. improved road networks. The marked disconnection between the method proposed and the way policies are actually planned in Vietnam is one more incentive to reconcile bottom-up with top-down approaches to the management of natural resources (Lovell et al. 2002 , Castella et al. 2004 ). Land-use planners often expect models to predict future changes in land use under different policies or institutional conditions. The policy formulation exercise usually consists in planning a margin of progress based on the current situation, e.g., the percentage of increase in forest cover as compared to the current situation, the percentage of increase in agricultural income. Their search for an optimal solution is conceptually very different from the exercise of the negotiation platform, which consists of collectively reaching a http://www.ecologyandsociety.org/vol10/iss1/art27/ solution that is acceptable to all groups of stakeholders who wish to share a common vision of a common problem. In the first case, the solution is imposed from the top, whereas, in the second case, it emerges from the local community. This fundamental difference in the conception of local development is an obstacle to the institutionalization of our proposed action-research framework. Although both villagers and policy makers recognize the legitimacy of the participatory simulation approach and see its potential benefits, it clearly remains a bottom-up approach. Used through a top-down process, there is a risk that it may become a tool to manipulate local populations. Land-use planners arriving with their own, readymade solutions could try to impose it on villagers through an artificial consensus-building process. On the other hand, if policy makers are excluded from the participatory process, as often happened in the past with grassroots development projects, there is a risk that the proposed solutions will not be implemented beyond the geographic area of influence of the project and will end with the end of the project. It is thus essential to go beyond the demonstration of local successes in land-use planning. Training sessions should be organized that involve all groups of stakeholders, i.e., villagers, extension workers, policy makers, and researchers, and stress the potential of the participatory ABM to reveal the incentives and resource constraints faced by local stakeholders and, subsequently, to help collectively define which of the proposed solutions would be acceptable and feasible.
CONCLUSIONS: A LEARNING PROCESS IN PARTICIPATORY MODELING
A new methodology generally emerges from specific research questions and from the context in which the research takes place. The complexity inherent in mountain agrarian systems pleaded for (1) gradual outscaling of the geographic domain of investigation from village to district and province, (2) broadening the thematic scope to include interdisciplinary approaches bridging natural and social sciences, and (3) giving more voice in the research process to local stakeholders from farmers to local authorities and policy makers. The innovative action-research approach presented in this paper showed itself to be relevant in tackling these methodological issues in natural resources management (NRM). It proceeded iteratively from simple to more complex representations of system dynamics. This iterative modeling was done in close collaboration with stakeholders who, along with the researchers, developed scenarios using the different artifacts of the SAMBA model. Role-playing games facilitated the collective design of a model of the village agro-ecosystem by all stakeholders, and the agent-based models were a computerized implementation of the model to simulate different scenarios and to visualize the dynamics of changes in land use on the GIS interface. NRM problems identified collectively in specific situations were then extrapolated based on the generic understanding of land-use system dynamics incorporated into SAMBA-GIS. The results were found to be highly integrative, synthetic, and inspiring for local stakeholders as well as for regional policy makers. It provided policy makers with a decision-making support for resource allocation, especially by taking into account the diversity of village trajectories and by eliciting the driving forces of land change associated with each type of village agro-ecosystem. Instead of applying policies uniformly to the whole area under their responsibility, the authorities need to set contextspecific objectives. Once the policy targets are set, the negotiation platforms organized around SAMBA-GIS can help local stakeholders define their own pathway toward the desired goals.
Beyond the results obtained in the specific context of this study in Vietnam, we hope that this experiment will feed a more theoretical debate about producing knowledge that is both scientifically sound and relevant for action at higher, e.g., regional or subnational, hierarchical levels. Understanding agro-ecosystems in their full complexity requires both a high level of disciplinary knowledge and specific mechanisms for the integration of transdisciplinary knowledge. This implies a reconsideration of research processes and mechanisms. From their key role in understanding the dynamics of the system, some scientists are becoming mediators in a negotiation process. Beyond their contribution to unveiling the laws of nature, simulation models are being increasingly used in negotiation platforms to accompany social changes (Röling 1999) . Consequently, scientists do not see the model itself as the main outcome of their research, but rather the social change that the model can trigger. Third-party facilitation plays a crucial role in a collective learning process to elicit and contrast the diverging perceptions and interests of stakeholders and to bring these into the open as part http://www.ecologyandsociety.org/vol10/iss1/art27/ of facilitating the negotiation of options for improved NRM. As a consequence, strengthening the facilitating skills of the staff of research and development organizations is an important part of efforts to help stakeholders find their own pathway toward sustainability by embedding land-use changes in new social mechanisms.
Responses to this article can be read online at: http://www.ecologyandsociety.org/vol10/iss1/art27/responses/
